At 66 kg N ha -1 , SH had no effects on sorghum yield, but it increased wheat yield in three of four years. Cover crops increased near-surface soil total N pool by 270 kg ha -1 . Crop yield increased with the CC-induced decrease in soil maximum compactibility (soil's susceptibility to compaction) and soil temperature, and increase in soil aggregate stability, soil organic C (SOC) and total N concentration, and soil water content, particularly at 0 kg N ha -1 . Principal component analysis (PCA) selected soil compactibility and total N as the best yield predictors.
and high-N fixing summer or tropical legume CCs such as SH may have more rapid and greater effects on increasing crop yields and improving soil properties than CCs with low biomass input.
Because of high biomass input, summer legume CCs can provide an effective protective cover to soil and supply significant amounts of N to subsequent crops (Mansoer et al., 1997; Schomberg et al., 2007) . Balkcom and Reeves (2005) reported that SH produced 7.6 Mg ha -1 of biomass with 144 kg ha -1 of N concentration in the first two years and increased corn yield by 1.2 Mg ha -1 relative to non-CC plots in two of three years of management on a loamy sand in AL. Cherr et al. (2006) observed that SH produced 8.0 Mg ha -1 of biomass with 146 kg ha -1 of N in 12 wk in the first year and 12.2 Mg ha -1 of biomass with 172 kg ha -1 of N in 14 wk in the second year on a sandy soil in northern FL. More studies along these lines are needed to better understand summer CC effects on biomass input, N supply, and crop yields.
Summer legume CCs can also improve soil properties (Carof et al., 2007) . Blanco-Canqui et al. (2011) reported that SH and LMS when used as summer CCs reduced soil's susceptibility to compaction and increased wet aggregate stability, water infiltration, earthworm population, and SOC concentration. These CC-induced changes in soil properties may concomitantly benefit yields of subsequent crops. While CCs may not always increase crop yields and improve properties in all soils (Andraski and Bundy, 2005; Olson et al., 2010) , we hypothesize that CCs will increase crop yields if soil physical properties improve and SOC and soil N concentration increase with cover cropping.
Many have studied the effect of soil properties on crop yields (Kravchenko and Bullock, 2000; Kaspar et al., 2004; Cox et al., 2005; Hao et al., 2010) , but little data are available on the changes in soil physical parameters and SOC concentration affecting crops yields in intensively managed no-till cropping systems. For example, soil physical properties may affect crop growth and yield by influencing aeration, water transmission and retention, heat flux, organic matter decomposition, N mineralization, nutrient release, and microbial activity. Some physical properties such as compaction may directly affect plant growth, while others such as aggregate stability may have indirect effects. The objectives of this study were to assess no-till summer CC effects on subsequent wheat and sorghum yield and study their relationships with soil physical properties, SOC, and soil total N concentration on an Udic Argiustoll in south central Kansas.
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MATERIALS AND METHODS
Description of the Experiment
Crop yield data and soil properties for this study were collected from a long-term (15 yr) experiment of CCs under no-till winter wheat and grain sorghum rotation at Hesston, KS (38.14°N lat. and 97.43°W. long.). The CC experiment was initiated in 1995 and terminated in 2009. The soil was a Geary silt loam (fine-silty, mixed, superactive, mesic Udic Argiustolls) with a <3% slope. Thirty-year average annual precipitation for the experimental site is 839 mm. The CC experiment consisted of a factorial combination of three CC treatments and four N rates. The resulting 12 treatments were laid out on a randomized complete block design with four replicates. Plot size was 6 by 13.5 m. The main rotation was a winter wheat-grain sorghum in which wheat was no-till planted into grain sorghum stubble in the fall and harvested in June of the next year. The CCs were planted after wheat; and grain sorghum was planted in June of the following year. Nitrogen at rates of 0, 33, 66, and 100 kg N ha -1 as urea (46-0-0) was applied to both wheat and sorghum.
Between 1995 and 2000, hairy vetch was used as a winter CC. The three CC treatments during this period were hairy vetch early termination, hairy vetch late termination, and control. (Table 2) . Plots received 18 kg P ha -1 as triple super-phosphate (0-46-0) at sorghum planting, and N was broadcast before planting or injected after planting at the rates specified earlier.
Wheat was planted at a rate of 100 kg ha -1 in 20 cm row spacing in October or early November (Table 2) . Plots received 17 kg P ha -1 at wheat planting, and N was broadcast before planting at the corresponding rates. Wheat and sorghum were harvested at maturity from all the plots (Table 2) . Grain sorghum was harvested in late September, October or early November, while wheat was harvested in June or early July. Grain yield was expressed at 125 g kg -1 of moisture content. Weeds were controlled according to cultural practices in the region and presented no significant effect on plot moisture or crop competition in this study. Weeds during pre-emergence, row crop season, and between crops were controlled with Roundup Ultra Max II and atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine) plus metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl) acetamide].
In the winter wheat-sorghum system utilized, wheat was planted after the fall harvest of grain sorghum as indicated earlier. In this system, both grain sorghum harvesting conditions as well as post-harvest soil moisture conditions dictated wheat planting dates. In the study region, winter 7 wheat is typically planted in October. Continuous wheat is often planted earlier in the month than for wheat immediately following grain sorghum or other row crop. Late October wheat plantings can be somewhat disadvantageous but not uncommon in wheat-sorghum rotations. Grain sorghum is normally planted in June, but, in some cases, it is planted in late May. In this study, summer CCs did not significantly interfere with typical wheat and sorghum planting times in the region. Thus, planting dates shown in Table 2 are similar to those for commonly grown annual wheat and sorghum in the region. Further details on the CC and wheat-sorghum rotation management for this experiment are presented by Claassen (2009) and Blanco-Canqui et al. (2011) .
Experimental Data
Yield data for wheat and grain sorghum collected for all rotation cycles under the two summer CCs were studied. Grain sorghum yield data were collected in 2003, 2005, 2007, and 2009 , while wheat yield data were collected in 2004, 2006, and 2008 . For the study of soil-crop relationships, yield data from the last year of the experiment for each crop were used. Data on soil physical properties, and SOC and total N concentration collected in spring 2010 and reported in a companion study by Blanco-Canqui et al. (2011) for the same experiment were used. Twelve soil properties including bulk density, cone index, Proctor maximum bulk density (a parameter of soil maximum compactibility), amount of macroaggregates (>250 µm diam.), mean weight diameter of aggregates, log-transformed saturated hydraulic conductivity, total porosity, volumetric water content at -33 and -1,500 kPa matric potentials, field volumetric water content, daytime soil temperature measured in spring, and SOC and N concentration measured for the 0-to 7.5-cm soil depth were used. Data from plots receiving 0 and 66 kg N ha -1 were used for this study. The plots without N fertilization (0 kg N ha -1 ) were selected to assess the independent 8 effects of CCs on soil-crop relationships without confounding effects of inorganic N application.
The plots under 66 kg N ha -1 of N application were chosen to reflect the typical rate of N fertilization used for wheat-sorghum rotations in the region. Protocols of field and lab measurements of soil properties were discussed by Blanco-Canqui et al. (2011) .
Data Analysis
Wheat and sorghum yield data were analyzed by PROC MIXED (SAS Institute, 2011).
Because cover crop × N rate × year interaction for both crops was highly significant, statistics on yield for each crop were performed by year. Cover crops and N rates were considered as fixed factors, while replicate was a random factor. Means among treatments were compared using LSMEANS in PROC MIXED. PROC CORR in SAS was used to study correlations between crop yield and the twelve soil properties. Principal component analysis (PCA) in SAS was performed to group highly correlated soil properties, eliminate multicollinearity among soil properties, and select the best predictors of crop yield. Correlations and PCA were performed by crop and N rate. Based on the PCA, principal components (PCs) with eigenvalues >1 were retained using the Kaiser criterion. The PCs were then subjected to varimax rotation using the PROC FACTOR in SAS. Rotated scores and communality estimates were used to determine soil properties with the highest factor loading within each PC. The soil property with the highest loading from each PC was selected to develop predictive equations for each crop and N rate using PROC STEPWISE in SAS. Statistical differences were computed at the 0.05 probability level unless specifically mentioned.
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RESULTS AND DISCUSSION
Cover Crop Height and Residue Yield
Monthly and annual mean precipitation during the summer CC study is given in Table 3 .
Year to year and monthly fluctuations in precipitation are reflected in the yield performance of CCs as well as the main crops (Tables 3 and 4 ; Figs. 1 and 2). Despite some really dry years (i.e., 2006; Table 3 ), summer CCs afforded sufficient time between fall termination and succeeding grain crop for soil moisture replenishment. In this experiment, summer CCs were never terminated early. Winter wheat tended to depend more on timely fall precipitation than sorghum since wheat followed as a double crop after sorghum. Wheat yield was somewhat low but not uncommon for this region (Fig. 2 ).
Cover crop height and residue yield between the two summer CCs differed (Table 4 ). The N fertilization of wheat and sorghum (main crops) at four different rates had no effect on CC height and residue yield in any year. Cover crop × year interaction was significant for both CC height and residue yield. Sunn hemp height was greater than LMS height by 2. were planted one month later than in other years due to delay in seed arrival. Also, 2006 was the driest year during the 15-year period in which precipitation was about 74% of the long-term average precipitation in the region (Table 3) .
Residue yield between SH and LMS differed in all years except in 2002 (first year of summer CC establishment; Table 3 ).
Results indicate that summer CCs, particularly SH, can return significant amounts of residues. The amount of residue input is high in spite of fluctuations in precipitation input from year to year. Results also indicate that summer CCs produce large amounts of residues in a short period of about 12 weeks. The high aboveground residue input can have beneficial effects on crop yields and soil properties as discussed later. The increased height of SH may also be beneficial for shading and smothering weeds. Similar results of high residue input from SH were reported in other regions (Mansoer et al., 1997; Balkcom and Reeves, 2005; Cherr et al., 2006; Schomberg et al., 2007) .
Cover Crop Effects on Grain Sorghum and Winter Wheat Yield
Cover crops and N application rates increased sorghum ( Fig. 1 ) and wheat ( Fig. 2) yield. The CC × N rate interaction was significant in some years ( (Table 1) . These results suggest that summer CC effects on increasing crop yield decreased with increasing rates of N application in most years (Fig. 1 ).
The differences in sorghum yield between SH and non-CC plots at 0 kg N ha -1 tended to increase gradually with time ( Inorganic N fertilization increased both sorghum and wheat yield except for sorghum in 2003 (Table 5 ; Fig. 1 and 2) . In most years, crop yields increased following a quadratic function as rates of N application increased. Nitrogen application above 66 kg N ha -1 had lesser effects on increasing crop yield than at or below 66 kg N ha -1 . Non-CC plots responded more to inorganic fertilization than plots with CCs in most years. Indeed, compared with non-fertilized plots, 100
kg N ha -1 increased sorghum yield by about 1.6 times in non-CC plots, whereas it increased sorghum yield only by 1.18 times in plots with SH and LMS (Fig. 1) . Likewise, 100 kg N ha -1 increased wheat yield by about 5.1 times in non-CC plots, whereas it increased wheat yield only by about 3.45 times in plots with SH and LMS (Fig. 1) . Furthermore, plots with LMS for sorghum tended to respond less to N application at rates above 33 kg ha -1 than plots with SH. For the same experiment, Claassen (2009) reported SH residues contained 23.7 g kg -1 of N while LMS residues had 31.1 g kg -1 of N. Thus, because of lower C:N ratio, soybean residues probably decomposed much faster than SH residues, providing more N to the subsequent crop and offsetting benefits from inorganic N fertilization.
Wheat appeared to be more responsive to N application than sorghum. sorghum may scavenge more N from the soil than wheat, and 3) differences in soil water content between sorghum (spring) and wheat (fall) planting may have affected crop response to N application (Table 3) .
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The significant and rapid increase in no-till wheat and sorghum yields with the inclusion of CCs shows the potential benefit of CCs for increasing subsequent crop yields in no-till systems.
The rapid increase in crop yield with SH agrees with the results from Balkcom and Reeves (2005) . Our study indicates that the benefits of CCs for increasing crop yields can be particularly greater at or below 66 kg ha -1 of N application ( Fig. 1 and 2) . These results suggest that CCs may sufficiently supplement applied N to maintain crop yields in a profitable range all while suppressing weeds, lowering input costs for herbicides and fertilizers, and preserving soil moisture.
Cover Crops and Soil Nitrogen Fixation
Cover crops and N application rates increased soil total N concentration in the 0-to 7.5-cm soil depth (Fig. 3A-B) . The CC × N rate for total N was not significant. Averaged across the four N application rates, soil total N concentration increased by 258 kg ha -1 under LMS and by 279 kg ha -1 under SH compared with non-CC plots (Fig. 3) . These results show that CCs fixed 14 Studies in other regions have also found high N contribution from tropical legume CCs (Reddy, 1986; Mansoer et al., 1997) . Summer CCs return high amount of N-enriched biomass (Wang et al., 2009 ). Because of their rapid growth and high biomass production and N fixation, legume summer crops such as SH may supplement N for subsequent crops and reduce inorganic N fertilizer use. High N application rate (100 kg N ha -1 ) masks benefits of CC-derived soil N and appears to have limited effects on crop yields (Figs. 1 and 2 ).
Inorganic N application had mixed effects on soil total N (Fig. 3B) . Across all CC treatments, N fertilization at 66 kg N ha -1 increased total N concentration by 291 kg ha -1 , but N fertilization at 33 and 100 kg N ha -1 had no effects. While N application at 100 kg ha -1 increased wheat and sorghum yield, it did not increase soil total N, indicating large N application does not increase on soil total N in spite of increased crop residue input. The effects of high rates of N application on soil total N has been widely discussed (Mulvaney et al., 2009; Powlson et al., 2009 ).
While this study did not quantify microbial biomass and activity, Blanco-Canqui et al. (2011) observed that plots with summer CCs had greater number of earthworms (Lumbricus terrestris L.) than plots without CCs. This finding suggests that greater biological activity in plots with CCs may contribute to N release from CC residues into the soil. Studies have shown that CCderived N can be readily mineralized through biological activity and made available as nitrates for the subsequent crops with little or no loss of N through leaching (Jackson, 2000) . Fertilizer management (rate and timing) of sorghum and wheat and precipitation input can be critical to optimize the use of CC-derived N.
Cover Crop Effects on Soil-Crop Yield Relationships
Crop yields were correlated with the CC-induced changes in Proctor maximum bulk density, mean weight diameter of aggregates, SOC and total N concentration, soil water content, and 15 spring soil temperature (Fig. 4A through Fig. 6D ) but not with rest of soil properties (data not shown). Crop yield increased with CC-induced decrease in Proctor maximum bulk density ( Fig.   4A -B) and soil temperature (Fig. 6C-D) and increase in macroaggregation (Fig. 4C-D) , SOC and total N concentration ( Fig. 5A-B ; Fig. 5C-D) , and field soil water content (Fig. 6A-B ).
Correlations were stronger at 0 than at 66 kg N ha -1 , suggesting that N fertilization may have offset some beneficial effects of soil properties improved by CCs on crop yields. The strong correlations suggest CCs may contribute to the increase in yields of the subsequent crops by improving soil properties.
The significant influence of Proctor maximum bulk density on crop yields indicates that addition of CCs to no-till may increase yields of subsequent crops, in part, by reducing soil's susceptibility to compaction. As reported in the companion study by Blanco-Canqui et al. (2011), plots in SH and LMS had greater Proctor maximum bulk density than non-CC plots, which indicates that non-CC plots were more susceptible to soil compaction. While other compaction parameters such as bulk density and cone index were not strongly correlated with crop yield, Proctor maximum bulk density was strongly and negatively correlated with sorghum (r = -0.77***) and wheat (r = -0.82***) yields at 0 kg N ha -1 (Fig. 4A-B ). This suggests that Proctor maximum bulk density is a more sensitive compaction parameter to predict crop yield than bulk density and cone index. The adverse effects of soil compaction on crop yields are well recognized. Our results suggest that CC-induced decrease in soil compactibility most likely favored root growth, nutrient uptake, and water, air, and heat flow through the soil, increasing crop yields relative to non-CC plots (Gregorich et al., 2011) .
The positive correlation of CC-induced increase in aggregate stability with wheat yield at 66 kg N ha -1 suggests that macroaggregation possibly favored root growth and penetration, improved nutrient cycling, and enhanced water transmission properties. Across N levels, mean weight diameter of aggregates, a parameter of aggregate stability, in SH and LMS was 1.8 times greater than in non-CC plots (Blanco-Canqui et al. 2011) . Stable aggregates can also contribute to crop production by reducing nutrient loss in runoff (Weil and Magdoff, 2004) . Weak aggregates from non-CC plots are easily dispersed by raindrop impacts and eroded along with organic C and other nutrients. Erosion preferentially removes nutrients near the surface layers.
The strong correlation of SOC on crop yields indicates that increase in SOC concentration with the addition of CCs is another determinant for the increase in crop yields. The SOC concentration averaged across SH and LMS was 1.25 times greater than in non-CC plots in the 0-to 7.5-cm soil depth (Blanco-Canqui et al., 2011) . Regression equations suggest that 1 g increase of SOC concentration per kg of soil increased sorghum yield by 0.36 Mg ha -1 (Fig. 5A) and wheat yield by 0.04 Mg ha -1 at 0 kg N ha -1 (Fig. 5B) . While SOC effects on crop yields are often confounded with other effects of CCs on soil properties, our results suggest that the increase in SOC concentration is probably of the main factors by which CCs increase yields of succeeding crops.
The SOC does not only stimulate crop growth through nutrient cycling but also through improvement in soil physical properties. It reduces soil compactibility, promotes macroaggregation, increases water retention capacity, increases water infiltration, and absorbs and filters nutrient loss in runoff (Rawls et al., 2003; Weil and Magdoff, 2004) . Our results support recent emphasis on enhancing the SOC pool in agricultural ecosystems for increasing crop yields, improving soil properties, and addressing food insecurity (Lal, 2011) . Similar to SOC, the strong positive correlation of yield with soil total N concentration indicate that CCs can increase crop yields by supplying N (Fig. 5C-D) .
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The positive correlation of wheat and sorghum yield with CC-induced increase in soil water content ( Fig. 6A-B ) and negative correlation with CC-induced decrease in spring soil temperature ( Fig. 6C-D) corroborate the critical importance of soil water and temperature for crop production. It is important to clarify that, in this study, soil water content and soil temperature were measured only once during spring time (one and half years after CC termination). The significant correlations show nonetheless the influence of CC residue mulch on soil water and temperature. In this study, soils mulched with CC residues had greater volumetric water content and lower temperature in spring than soils without CCs (Blanco-Canqui et al., 2011) . The increased soil warming in soils without CCs probably accelerated evaporation and reduced the volumetric water content relative to plots mulched with CC residues. While growing
CCs use soil water and may reduce available moisture for subsequent crops, particularly in semiarid regions, CCs can also maintain or increase soil water content by increasing precipitation capture through increased water infiltration and reduced evaporation. In our study region, precipitation is, in general, adequate for crop production, and thus, use of CCs may not cause water shortage for subsequent crops. However, in regions with limited precipitation such as the semiarid Great Plains, impacts of CCs on soil water storage and yields of subsequent crops deserve further scrutiny. Early termination, selection of appropriate CC species, and other sitespecific management strategies should be developed for the successful use of CCs in semiarid regions.
Impact of surface cover mulch on soil water content and soil temperature regime as well as the impact of these dynamic soil properties on crop yields is well known (Sharratt, 2002) . Soil temperature influences several physical, chemical, and biological processes in the soil. It affects seed germination, root growth, evaporation, soil moisture content, microbial processes, nutrient cycling, and other processes (van Donk et al., 2004) . Our results suggest that, because soil water content and temperature are a function of the amount of surface vegetative cover (Larney et al., 2003) , addition of residues to the soil surface cover through CCs can rapidly alter the soil water and temperature dynamics essential to soil processes and agricultural productivity. Crop residue mulch insulates the soil and buffers the abrupt fluctuations of soil temperature (Kladivko, 1994) .
It regulates the near-surface radiation energy balance and the dynamics of heat exchange between the soil and the atmosphere (Sauer et al., 1998) . Increase in surface residue cover with CCs in no-till fields may create different microclimatic conditions favorable for crop production.
Based on the correlation study, principal component analysis (PCA) was performed to group highly correlated soil properties and identify the most crop yield predictive soil parameters. The PCA identified three principal components (PCs) with eigenvalues >1 for the 0 kg N ha -1 and four PCs for the 66 kg N ha -1 (Table 6 ). For 0 kg N ha -1 , PC1 explained 52% of the variability and had the highest loading on Proctor density. The PC2 and PC3 had the highest loading on bulk density and volumetric water content at -33 kPa, respectively. The three PCs at 0 kg N ha -1 explained 81% of variance. For 66 kg N ha -1 (Table 6 ), PC1 explained the largest variance and had the highest loading on total N. The PC2 had the highest loading on water content at -33 and -1,500 kPa, porosity, PC3 on mean weight diameter of aggregates, and PC4 on cone index.
The soil properties with the highest factor loadings under each PC and N rate were used as input for the stepwise multiple regression analysis to develop yield predictive equations (Table   6 ). The resulting predictive equations were:
For 0 kg N ha -1 :
Wheat Yield = 4.02 -2.02(Proctor maximum bulk density); r 2 = 0.67; P = 0. Equations [1] through [3] indicate that Proctor maximum bulk density was the best predictor of wheat and grain sorghum yield at 0 kg N ha -1 , while total N and mean weight diameter of aggregates (MWD) had the most predictive ability for wheat at 66 kg N ha -1 . At this level of N, none of the soil properties measured was a significant predictor for sorghum at the 0.05 probability level. The PCA confirmed the significant and consistent correlation of both soil properties with yields particularly at 0 kg N ha -1 ( Fig. 3A-B ; Fig 4C-D) .
CONCLUSIONS
Sunn hemp and LMS used as summer CCs in a no-till cropping system rapidly increased wheat and sorghum yields on an Udic Argiustoll. These summer CCs also fixed significant amounts of N in the soil compared with non-CC plots, suggesting that they can supplement N especially in cropping systems with limited inorganic N input. Cover crop-induced changes in soil properties were partly responsible for the increase in crop yield. Changes in soil maximum compactibility, SOC and soil total N concentration, aggregate stability, field soil water content, and soil temperature were strongly related to crop yields. Results suggest CCs increase crop yields and improve soil-crop relationships.
Based on our results, SH and LMS may be potential summer legume CCs for no-till wheatsorghum rotations in the study region. Results also indicate that inclusion of summer legume CCs in no-till systems can reduce N fertilizer requirements while improving soil physical properties and increasing SOC and N concentration. Overall, summer CCs can be one of the best management practices to diversify and intensify cropping systems, manage N requirements, 20 balance crop production and soil and environmental quality, and contribute to land stewardship and overall long-term sustainability of agricultural production systems. 
